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Background: Vessel diameter is the principal imaging parameter assessed clinically for aortic disease, but adverse
events can occur at normal diameters. Aortic stiffness has been studied as an additional imaging-based risk factor,
and has been shown to be an independent predictor of cardiovascular morbidity and all-cause mortality. Reports
suggest that some aortic pathology is asymmetric around the vessel circumference, a feature which would not be
identified with current imaging approaches. We propose that this asymmetry may be revealed using Displacement
Encoding with Stimulated Echoes (DENSE). The objective of this study is to investigate the feasibility of assessing
asymmetric stretch in healthy and diseased ascending aortas using DENSE.
Methods: Aortic wall displacement was assessed with DENSE cardiovascular magnetic resonance (CMR) in 5
volunteers and 15 consecutive patients. Analysis was performed in a cross-sectional plane through the ascending
aorta at the pulmonary artery. Displacement data was used to determine the wall stretch between the expanded
and resting states of the aorta, in four quadrants around the aortic circumference.
Results: Analysis of variance (ANOVA) did not only show significant differences in stretch between groups of
volunteers (p < 0.001), but also significant differences in stretch along the circumference of the aorta (p < 0.001),
indicating an asymmetric stretch pattern. Furthermore, there is a significant difference in the asymmetry between
volunteers and different groups of patients (p < 0.01).
Conclusions: Evaluation of asymmetric stretch is feasible in the ascending aorta with DENSE CMR. Clear differences
in stretch are seen between patients and volunteers, with asymmetric patterns demonstrated around the aortic
circumference.
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Imaging plays a central role in the diagnosis and man-
agement of patients with aortic disease. Currently, vessel
diameter is the principal imaging parameter used in clin-
ical assessments [1]. Other imaging based measure-
ments, including unique geometries [2-4] and wall stress
[5,6], have been proposed for further risk-stratification,
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article, unless otherwise stated.thoracic aorta, but have not yet become part of clinical
routine.
Aortic stiffness is a promising measure that has shown
importance as an independent predictor of cardiovascu-
lar morbidity and all-cause mortality [7]. It is a broad
and early manifestation of pathologic changes within the
vessel wall that can be measured with imaging using
pulse wave velocity (PWV) or aortic distensibility. For
example, patients with Marfan syndrome, a genetic dis-
order of the connective tissue, but normal-sized aortas
present with abnormal aortic distensibility and stiffness
indices as demonstrated by cardiovascular magnetic res-
onance (CMR) [8,9]. Both PWV and aortic distensibilitytral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
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PWV assesses overall stiffness along a vascular segment,
and aortic distensibility provides an average stiffness
around the aortic circumference. However, in some clin-
ical contexts, the progression of aortic disease has been
shown to be asymmetric. Asymmetric dilation of the as-
cending aorta has been linked to aortic valve disease
[10,11], and the age-related widening of the aortic arch
is noted to be greater anteriorly than posteriorly [12].
Asymmetry is also seen in matrix alterations with con-
genital valve disease, where smooth muscle cell apop-
tosis is more pronounced in the outer curvature of the
ascending aorta [13]. These asymmetric findings may be
related to the eccentric flow that has been demonstrated
in patients with bicuspid aortic valve (BAV) [14,15]. Ex
vivo experiments have also shown asymmetric mechan-
ical properties in the aortic wall [16,17].
A technique that is able to resolve regional variations
in stiffness around the aortic circumference in vivo
would be required for assessment of these asymmetric
pathologies. One such technique is displacement encod-
ing with stimulated echoes (DENSE) [18], which has
been primarily used to study myocardial mechanics. This
technique uses the phase of the CMR signal to acquire
the in- and through-plane displacement between the
time of a pre-pulse and the time of the readout. Since it
does not use magnitude data to track motion, it is less
dependent on image resolution than techniques that re-
solve tag lines or anatomical features. The displacement
maps obtained from DENSE are used to calculate stretch
on a regional basis within the tissue. Applying DENSE
to the ascending aorta is challenging because the as-
cending aortic wall is relatively thin, of the order of 2–
3 mm [19,20], while still subject to the complex motion
caused by the heart and by breathing. The objective of
this study is to investigate the feasibility of assessing
asymmetric wall stretch along the circumference of the
healthy and diseased ascending aorta using DENSE.Methods
Fifteen consecutive patients with congenital valve disease
or dilated aortas, who were referred by cardiothoracic
surgery for evaluation of their ascending aortas, were in-
cluded in the study along with five healthy volunteers.
The study was approved by the Committee on Human
Research at the University of California San Francisco
Medical Center and the Institutional Review Board of
the San Francisco VA Medical Center. Informed consent
was obtained from all subjects.
Patients were grouped according to their clinical pa-
tient history. Ascending aortic diameter measurement
were made at standard levels [1,21] based on their most
recent computed tomography angiograms.Data acquisition
CMR data was acquired on Siemens Avanto and Philips
Achieva systems at 1.5 T. The acquisition started with
CINE imaging of a slice through the tubular portion of
the aorta, proximal to the bifurcation of the pulmonary
artery (Figure 1). That data was used to find the time
point of maximum expansion, defined as maximum
lumen area. The CINE imaging was followed by a
DENSE acquisition starting with its initial position en-
coding at the time point of maximum expansion, and
with a single time point readout performed in diastole.
DENSE data was acquired with an ECG-triggered,
navigator-gated acquisition using balanced 4-point dis-
placement encoding [22] with 3- to 6- point phase cyc-
ling [23] with in- and through-plane encoding
frequencies of 0.08-0.11 cycles/mm. The sequence per-
formed segmented spiral acquisition with the following
parameters: TE of 1.14 ms, TR of 18–27 ms, 8 spiral
interleaves per image, 1 spiral interleave per heart beat,
FOV of 360 × 360 to 410 × 410 mm2, slice thickness of
8 mm, base resolution 148 × 148 to 180 × 180, resulting
in a reconstructed pixel size of 2.3 × 2.3 to 2.4 ×
2.4 mm2. CINE steady state free precession (SSFP) was
acquired with a TE of 1.27-1.72 ms, TR of 3–3.4 ms,
resulting in an actual temporal resolution of 42–75 ms,
and a pixel size of 1.4-1.9 mm. An acceleration factor of
2 was used for the CINE SSFP acquisition using
GRAPPA (Siemens Avanto) or SENSE (Philips Achieva)
[24,25].
Post processing
The post processing of the DENSE data was implemented
in MATLAB (MathWorks Inc., Natick, Massachusetts).
The processing included five steps
1) Segmentation and delineation of the aortic
circumference: The inner and outer border of the
vessel was segmented in the DENSE magnitude
image using splines. Data points outside the
segmented aorta were not considered for further
analysis. Individual pixels within the segmentation
with low magnitude, and thereby unreliable phase,
were also excluded in this step. The middle of
the aortic circumference was delineated using a
separate spline.
2) Phase unwrapping of the DENSE data:
Normalized averaging [26] was used to automatically
weigh the reliability of the pixels – pixels with larger
signal magnitude have more reliable phase data.
Normalized averaging was performed with a certainty
related to the magnitude of the CMR signal and a
Gaussian applicability standard deviation of 1 pixel











Figure 1 DENSE in the tubular portion of the ascending aorta. a) Cine and DENSE images were acquired in a slice through the tubular
portion of the ascending aorta at the pulmonary artery. b) The circumference of the ascending aorta at diastole was delineated (red line) and the
displacement field (white arrows) was used to assess its relationship with the systolic circumference (green line). Stretch analysis was subdivided
into anterior (A), right (R), posterior (P), and left (L) quadrants. c) phase of the DENSE data that correspond to displacement in the anterior-
posterior direction. The blue lines illustrate the inner and outer boarder of the vessel wall.
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equidistantly along the delineation of the diastolic
aortic circumference. The displacement field obtained
by DENSE was used to find the corresponding
location of the points during systole. These systolic
points where matched to a periodic spline with 5
pieces to reduce the influence of noise.
4) Calculate stretch: Stretch was calculated by
comparing the change in distance between adjacent
points along the expanded and resting state splines.
5) Quadrant analysis: To present regional stretch
along the circumference, the aorta was divided into
four quadrants (Figure 1): anterior (A); right (R);
posterior (P); and left (L).
The relative stretch difference for each quadrant was
calculated to study the asymmetry of the stretch within
the groups. The relative stretch difference was defined as
(Squadrant − Soverall)/Soverall where Soverall is the average
stretch along the whole circumference and Squadrant is
the average stretch within the quadrant.
Relative cross-sectional area change from CINE SSFP
A cross-sectional area of the aorta was obtained from
the CINE SSFP slice using the segmentation software
Segment (http://segment.heiberg.se) [29]. The relative
cross-sectional area changes were calculated based on
the maximum, Amax, and the minimum, Amin, cross-
sectional area, and was defined as (Amax −Amin)/Amin.
Statistical analysis
The stretch was analyzed using two-way analysis of vari-
ance (ANOVA) and Tukey’s range test was used to com-
pare groups and quadrants. The correlation of theaverage stretch along the whole circumference obtained
by DENSE, and the relative cross-sectional area change
obtained by CINE imaging, was compared using Pear-
son’s correlation coefficient.
Results
Three of the patients and one of the volunteers were ex-
cluded because of poor image quality caused by motion
artifact. Of the remaining twelve patients, eight had di-
lated aortas and the remaining four had a BAV with
non-dilated aortas. A summary of the groups is provided
in Table 1.
The ANOVA test showed a significant difference (p <
0.001) between groups; healthy volunteers, patients with
non-dilated aortas and BAV, and patients with dilated
aortas. The test also showed a significant difference be-
tween the quadrants (p < 0.001). Furthermore, there was
a significant difference between the quadrants for the
different groups (p < 0.01).
The greatest overall stretch (106%) was seen in the
volunteers (Figure 2). Within the patient group, those
with non-dilated aortas and BAV had greater overall
stretch (103%) than did patients with dilated aortas
(101%).
Both the volunteers and the patients with BAV and
non-dilated aortas demonstrated more asymmetric
stretch around the aortic circumference than patients
with dilated aortas (Figure 3). The volunteers showed
the greatest difference in stretch between the posterior
and anterior quadrants (p < 0.05). The non-dilated BAV
patients showed a different asymmetric stretch pattern
than the volunteers. They had the greatest stretch in the
right quadrant and the least stretch in the anterior quad-
rant (p < 0.001). The stretch obtained with DENSE
Table 1 Subject groups
Group Volunteers Dilated patients Non-dilated BAV
N 4 8 4
Age [years] 30 ± 5 64 ± 5 43 ± 6
Systolic blood pressure [mmHg] 109 ± 13 124 ± 12 132 ± 14
Diastolic blood pressure [mmHg] 65 ± 5 79 ± 13 70 ± 10
Pulse pressure [mmHg] 44 ± 13 45 ± 5 62 ± 5
Relative cross-sectional area Change [%] 40 ± 6 7 ± 3 24 ± 11
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tive cross-sectional area change (Figure 4).
Discussion
We have demonstrated that evaluation of asymmetric
stretch in the ascending aorta is feasible with DENSE
CMR. Our data indicates that an asymmetric stretch pat-
tern exists in the aorta, and that this asymmetry differs
between healthy volunteers, patients with BAV and non-
dilated aortas, and patients with dilated aortas.
Previous methods to make in vivo measurements of
the stretch in the aorta have been limited to the overall
stretch. This overall stretch can be used to measure the
stiffness via aortic distensibility; the relation between the
relative change in area and the central pulse pressure.
The method presented in this work furthers to this idea


















Figure 2 Stretch by quadrant for volunteers and patient
groups. The overall stretch was 106% for the volunteers, 103% for
the non-dilated BAV patients, and 101% for the dilated patient
group. Patients with dilated aorta had a decreased overall stretch
compared to non-dilated aortas. The volunteers show the greatest
difference in stretch between the posterior and anterior quadrants
(p < 0.05) while the non-dilated BAV patients had the greatest
stretch in the right quadrant and the least stretch in the anterior
quadrant (p < 0.001).aorta, and brings us closer to resolving the stiffness
along the circumference. It is however important to
realize that both the hemodynamic forces and the mech-
anical properties in the wall are asymmetric and that it
is the contribution of the two that result in the stretch.
Previous studies have reported significant differences in
the material properties along the circumference of the
aorta [16,17]. It is interesting to note that the right
quadrant, having a positive relative stretch in our study
(Figure 3) and that is likely to be affected by greater
hemodynamic forces, was reported to commonly be the
stiffest quadrant at both at low and high elastic stress
[16].
Applying DENSE to the ascending aorta is challenging
due to the relatively thin aortic wall. The aortic wall is
much thinner than the wall of the left ventricle which is


























Figure 3 The relative stretch in the different quadrants in
relation to the overall stretch. Both the volunteers and patients
with non-dilated aortas and BAV demonstrated more asymmetric
stretch around the aortic circumference. The volunteers show the
greatest difference between the posterior and anterior. The non-
dilated BAV, on the other hand, showed the greatest difference
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Figure 4 Stretch and cross-sectional area change. Stretch
obtained with DENSE showed good linear correlation (r = 0.68) with
the relative cross-sectional area change.
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may be required. Although high spatial resolution is al-
ways desirable; DENSE uses the phase of the data to ac-
quire the displacement, and this affects the choice of
resolution in two ways. First: in DENSE the phase of a
single voxel is directly proportional to its displacement.
As long as the voxel of interest is located in the vessel
wall, increased resolution would not improve the ability
to track motion in the same way as techniques that rely
on the ability to resolve tag lines or anatomical features
in the tissue of interest. Second, the fact that DENSE
uses the phase of the signal affects the tradeoff between
the spatial resolution and the signal-to-noise (SNR). In-
creased resolution results in decreased SNR due to the
decreased voxel size. The decreased SNR increases the
standard deviation of the phase, and consequently de-
creases the accuracy of the displacement acquired. So
contrary to more image processing based techniques,
the accuracy of the motion obtained with DENSE de-
creases if the resolution becomes too high. Taking these
two points into account, the resolution was chosen to be
able to distinguish the middle of the wall with sufficient
SNR, rather than trying to increase the resolution at the
cost of SNR. A potential drawback of a lower resolution
is the partial volume effect, where MR signal from both
wall and blood contributes to signal from a single voxel.
However, DENSE has an intrinsic black blood effect, be-
cause the blood that was displacement encoded at the
initial timing moves out the imaging plane and does not
contribute to the signal when performing the readout.Therefore, the phase of the net magnetization vector in
a voxel is dominated by that of the tissue and is rela-
tively insensitive to contributions from blood. DENSE
has been used in vessel wall applications before, where
the in-plane displacement was used to acquire strain in
the common carotid artery [30]. Unlike the common ca-
rotid arteries, the ascending aorta lacks the soft sur-
rounding tissue that deforms with the vessel wall and
contributes to the CMR signal. This emphasizes the im-
portance of obtaining high signal from the aortic vessel
wall itself. The ascending aorta is also less pipe-like and
is therefore more likely to deform in a more complex
manner, which necessitates acquisition of both in- and
through-plane displacement for full characterization. For
the application in this work, we acquired in- and
though-plane DENSE data at a single time frame to in-
crease SNR over that which can be obtained from con-
ventional multi-phase cine acquisition [31]. We also
chose to apply the position encoding prepulse at the
time point of maximum aortic cross-sectional area and
the readout in late diastole. This resembles the strategy
previously used to study mechanical properties of the
heart [32]. Our experience is that this approach resulted
in better image quality for the ascending aorta compared
to the conventional timing, where the initial position en-
coding is performed at the R-wave. Due to the thin aor-
tic wall, we speculate that it is important to acquire the
data during the phase of least motion and reduced vari-
ability between heartbeats.
Compared to conventional stiffness analysis based on
cross-sectional changes in aortic area, data derived from
DENSE exhibited a good linear correlation (r = 0.68).
The lack of a stronger correlation may be related to the
fact that DENSE acquisition in this study was encoded
in all three directions. Analysis with DENSE takes into
account all three dimensions, and thereby through-plane
motion, which is not accounted for in cross-sectional
analysis. Additionally, our DENSE sequence does not
acquire the maximum change as does the relative cross-
sectional area change, but rather the displacement
between two predefined time points.
Our data shows asymmetric stretch in the non-dilated
aorta. An asymmetric stretch is expected with normal
anatomy based on the typical offset of axes between the
left ventricle and aortic root [33]. This may be more pro-
nounced when eccentric blood flow is present as has
been shown with BAV [14,15]. From a 3D time resolved
flow acquisition included in our protocol, but not part of
our suggested methodology, volunteers demonstrate a
relatively parabolic flow compared to patients with BAV
who have eccentric systolic flow (exemplified in
Figure 5). The displacement field of this patient with
BAV indicates that the vessel not only expands, but also





Figure 5 Comparison of flow and aortic stretch in a volunteer and BAV patient. The volunteer (a) has a relatively parabolic flow profile with
faster flow in the center of the aorta (red arrows), and slower flowing blood closer to the vessel wall (green/blue arrows). The displacement of
the vessel wall (white arrows) shows the stretch of the aorta wall. A patient with non-dilated aorta and BAV (b) exhibits more eccentric flow, with
faster and helical flow peripherally at the vessel wall. The corresponding displacement field indicates that the vessels wall both stretches and
rotates corresponding to the circular flow, which is much more pronounced than in the volunteer data.
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plain the asymmetric dilatation that has been reported
in these patients with BAV [10,11].
Strain was successfully acquired in 16 out of 20 volun-
teers, corresponding to an 80% success rate. Four of the
volunteers were excluded due to insufficient image qual-
ity, most likely caused by motion artifacts. Even though
it is challenging to identify the exact cause of the motion
artifacts for each individual case, it is worth discussing
two potential sources. The first is major movement by
the patient, e.g. when a patient readjusts their position
due to discomfort. This source of motion may always be
more cumbersome for lengthier data acquisitions. The
data acquired in this study was part of a lengthy com-
prehensive examination of the ascending aorta, and the
DENSE acquisition was performed in the end of this
examination. A shorter examination time would most
likely have increased the patient compliance. The second
source of motion artifacts is an improper timing of the
readout. As the aortic wall is a thin structure with a cyc-
lic motion, it is important that data is acquired in the
diastolic plateau phase which is more reproducible. Er-
rors in the timing of this phase would produce more
variability between the heart beats, and consequently
more motion artifacts. On-line post processing of
the DENSE data would make it easier to determine
if the data need to be reacquired while the patient
is in the scanner.
The objective of the study was to demonstrate the
feasibility of using DENSE to assess stretch in the as-
cending aorta. Hence, the volunteers were not age
matched, but rather groups with different challenging
features were used to evaluate the technique. Thevolunteers included, 1) young healthy volunteers with
compliant aortas and greater motion of the aorta, 2)
BAV patients known for their asymmetric disease, and
3) patients with dilated stiffer aortas. The study shows
that it is feasible to use DENSE to assess stretch along
the circumference of the ascending aorta, and the results
show that the stretch is asymmetric. The difference be-
tween groups, the asymmetry of stretch along the cir-
cumference, and the difference in asymmetry between
the groups shows that the proposed method is feasible,
and that unique stretch patterns along the circumference
can be found. Future works include matched groups
needed to identify independent relationships.
Conclusion
We have shown that DENSE CMR is feasible for evalu-
ation of asymmetric stretch around the circumference of
the ascending aorta. Significant differences in stretch are
seen between patients and volunteers, and between
quadrants along the circumference of the aorta, i.e.
asymmetric stretch. Significant differences in the asym-
metry were also seen between groups. With its ability to
resolve regional stretch differences around the aortic cir-
cumference, we believe that DENSE is an important tool
for assessment of pathology in the aorta.
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